Objective: Since the diagnostic value of microRNAs for detecting glioma is contentious, we aimed to carry out a metaanalysis to synthetically evaluate the diagnostic significance of cell-free microRNAs in cerebrospinal fluid and blood in the detection of glioma. Methods: A systematic document retrieval of public databases was performed to obtain eligible studies. Specificity was applied to draw the summary receiver operator characteristic (SROC) curve against sensitivity, and the pooled diagnostic efficiency was assessed by generating the area under the SROC curve. Meta-regression and subgroup analyses were utilized to explore the latent sources of heterogeneity. STATA 12.0, RevMan 5.3 and Meta-DiSc 1.4 were used to conduct all statistical analyses. Results: A total of 47 studies from 20 articles comprising 2262 glioma patients and 1986 controls were included in our meta-analysis. Cell-free microRNAs exhibited relatively good diagnostic efficiency in glioma detection, with a sensitivity of 0.83, a specificity of 0.87, and an area under the curve of 0.91. Cell-free miR-21 performed best with pooled area under the curve of 0.88, followed by miR-125 and miR-222. Subgroup analyses and meta-regression indicated that there was substantial heterogeneity existing among the studies, which was in part caused by sample size, World Health Organization grade, reference gene, microRNA origin (extracellular vesicles or non-extracellular vesicle-basedmicroRNA), microRNA profiling (single-or multiple-microRNA), specimen types, and ethnicity. Conclusions: Cell-free microRNAs in cerebrospinal fluid and blood may play an important role as promising noninvasive biomarkers in the early diagnosis of glioma. Further comprehensive forward-looking research is required to validate their clinical significance in glioma diagnosis.
Introduction
Glioma, as the most common and highly invasive human primary brain tumor, accounts for roughly 30% of all malignancies in the central nervous system. 1 Based on histopathologic evaluation, gliomas can be classified into four tumor grades (I-IV), of which grade IV (glioblastoma multiforme) is characterized by lethal aggressiveness as well as extremely poor clinical outcome. 2 At present, computed tomography (CT) and magnetic resonance imaging (MRI) are the primary conventional approaches for the diagnosis and surveillance of glioma. Recently, the interest in liquid biopsies for the diagnosis of glioma has been rapidly expanding. Liquid biopsy offers a non-invasive approach by detecting circulating molecular biomarkers, including circulating tumor nucleic acids (DNA, different forms of RNA), circulating protein, circulating tumor cells, and extracellular vesicles (EVs). 3 MicroRNAs (miRNAs), as short non-coding RNA molecules, can regulate protein expression post-transcriptionally and function as oncogenes and/or tumor suppressors. 4 Recently, numerous studies have verified that miRNAs can stably exist in different types of body fluids (including serum, plasm, cerebrospinal fluid (CSF), urine, tears, bronchial lavage, etc.) and be exploited as non-invasive biomarkers for glioma detection. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, there have been differentials or inconformity among these studies concerning the reliability and application of miRNAs for the early non-invasive detection of glioma. Therefore, we carried out this meta-analysis to further comprehensively expound the diagnostic value of cell-free miRNAs in early glioma detection based on the former studies.
Materials and methods

Literature retrieval
This meta-analysis was conducted according to guidelines for diagnostic meta-analysis. 25 The systematic document retrieval of PubMed, Cochrane Library and Embase for studies published in English up to 20 October 2018 was performed to obtain qualified original articles regarding focusing on the diagnostic value of cell-free miRNAs for glioma. The retrieval strategy was utilized and adopted as follows: ("glioma" OR "neuroglioma" OR "Cerebral glioma" OR "neurospongioma" OR "Malignant glioma" OR "glioblastoma" OR "glioblastoma multiforme") AND ("microRNA" OR "miRNA" OR "miR") AND ("Cerebrospinal fluid" OR "blood" OR "serum" OR "plasma" OR "cell-free" OR "circulating") AND ("diagnosis" OR "sensitivity and specificity" OR "ROC curve"). Also, references lists of all correlative publications were manually searched to obtain additional articles.
Inclusion and exclusion criteria
Eligible publications were appraised independently by two reviewers. In the event of controversy, a third reviewer was consulted and a consensus was reached through multilateral discussion. Studies qualified to be included met the following criteria: (a) studies adopting the gold reference standard to make definite diagnosis of glioma patients; (b) studies regarding the diagnostic performance of cell-free miRNAs in blood and CSF for glioma; and (c) studies providing adequate data for reestablishing two-bytwo tables, consisting of true positive (TP), false positive (FP), true negative (TN), and false negative (FN). Exclusion criteria were: (a) review, case reports, letters or seminar articles; (b) studies irrelevant to the diagnostic significance of cell-free miRNAs in blood and CSF for glioma; and (c) studies with replicated data published in other articles.
Data extraction
Two reviewers independently extracted the following data from all qualified publications using standardized forms: (a) basic characteristics of studies, comprising first author, publication year, country of publication, ethnicity, sample size, mean age, gender ratio, cancer type, specimen type, miRNA profiling, methods of miRNAs assay, and reference gene; and (b) diagnostic value, including sensitivity, specificity, TP, FP, FN, TN, and area under the curve (AUC).
Quality evaluation
Each included study was assessed systematically and scored independently by two reviewers in accordance with the revised Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) criteria. 26 This scoring system consists of four basic domains: patient selection, index test, reference standard, as well as flow and timing, utilizing seven questions required to be answered with "yes," "no," or "unclear" to evaluate the quality of included articles. An answer of "yes" demonstrates that the risk of bias can be judged low, while "no" or "unclear" was equivalent to high risk or unclear, respectively. Each domain was assessed in terms of the risk of bias, and the first three domains were also evaluated in terms of applicability. Any dispute between the two reviewers was settled by discussion with a third reviewer to arrive at a consensus.
Statistical analysis
The I 2 statistic and Q test were undertaken to assess significant heterogeneity among included studies. 27 The I 2 value⩾ 50% or P value < 0.10 for the Q test implied substantial heterogeneity, and then the random-effects model were employed. Moreover, subgroup analyses and metaregression were applied to further illuminate potential sources of heterogeneity. A bivariate meta-analysis model was adopted to ascertain pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) of all included publications. The sensitivity and specificity of each included study were used to plot the summary receiver operator characteristic (SROC) curve and to calculate the AUC representing a pooled evaluation indicator of diagnostic efficiency. The Fagan's nomogram was applied to evaluate the post-diagnostic effect after pooled analysis. Deek's funnel plot asymmetry test was performed to estimate the publication bias with P< 0.10 indicating any significant difference. 28 All analyses were conducted using 
Results
Literature search
The flow diagram of literature retrieval is shown in Supplementary Figure 1. A total of 132 potentially relevant articles were obtained by an initial database search, of which 16 duplicates were eliminated. There were 36 letters, reviews and meta-analysis; 10 articles that were not about humans; and 36 articles irrelevant to our research (about lncRNA, prognosis, therapy, or molecular mechanism, etc.) were further taken out through assessing the abstracts. Then, 34 articles remained for the full-text review, of which 14 were excluded (including 3 unrelated to diagnosis, 10 without sufficient data, and 1 about cell-miRNAs assays). Lastly, 20 qualified articles were involved in this meta-analysis, 3 of which concerned CSF-based miRNAs 6, 8, 20 and 17 involving blood-based ones. 5, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [21] [22] [23] [24] 
Basic characteristics of included studies
The main characteristics of included articles are displayed in Table 1 . A total of 47 studies from 20 articles were adopted in our meta-analysis. Six studies were involved in the diagnostic value of cell-free single miR-21 in glioma, 4 referred to single miR-125, and 4 concerned single miR-222. Eight studies assessed the diagnostic value of cell-free miRNAs in low-grade glioma (LGG, World Health Organization (WHO) grade I-II), 18 involved high-grade glioma (HGG, WHO grade III-IV), and 21 involved both LGG and HGG. All studies employed quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) to detect expression levels of miRNAs, of which 39 studies normalized the miRNA concentration to the reference gene, and 8 normalized the miRNA concentration to serum volume or standard curve. Seventeen studies exploited miRNAs originating from EVs, while 30 investigated miRNAs that were not derived from EVs. Only 11 of these 47 studies applied multiple-miRNA assay in glioma detection, while 36 involved single-miRNA assays. The specimens used by the included articles incorporated CSF, CSF EVs, cisternal CSF, lumbar CSF, serum exosome, serum, and plasma, which can be categorized into two general types: "CSF" and "blood." Six studies explored the diagnostic value of CSF-based specimens and the other 41 focused on blood-based specimens. Twentyfive studies employed Asian participants and 22 selected Caucasian participants. The publication years of the included articles ranged from 2012 to 2018. The total numbers of glioma patients and controls were 2262 and 1986, respectively. Quality assessment of the included studies according to the QUADAS-2 tool is presented in Supplementary Figure 2 . The majority of studies involved in this meta-analysis fulfilled at least four items in QUADAS-2, exhibiting good overall quality of the included studies.
Diagnostic efficacy of cell-free miRNAs for glioma
Considering that significant heterogeneity among studies exist in sensitivity and specificity data (I 2 = 81.96% and I 2 = 82.60%, respectively) (P< 0.01), the random-effects model was applied accordingly. As shown in Table 2 , the pooled parameters calculated from all 47 studies were as follows: sensitivity, 0. (Figure 1(a) ), manifesting that cell-free miRNAs in blood and CSF may be utilized as a good indicator of glioma diagnosis with a relatively high accuracy. As displayed in the Fagan's plot (Figure 1(b) ), the pre-test probability was 53%, the post-test probability of glioma for a positive test result was 88%, while a negative test result was 19%, signifying that both the likelihood ratios and post-test probabilities were moderate. The positive likelihood ratio of 7 indicated that a person with glioma is seven times more likely to have a positive test result than a healthy person. Also, the diagnostic odds ratio value was 34 (95% CI 20, 56), demonstrating that cell-free miRNAs in blood and CSF can be eligible for differentiating glioma patients from controls. Furthermore, cell-free single miR-21 demonstrated the best diagnostic performance with pooled AUC of 0.88, followed by miR-125 with AUC of 0.86, and miR-222 with AUC of 0.85 (Table 2 and Figure 2 ). Supplementary Figure 3 showed the weight and sensitivity of each study with the pooled sensitivity of 0.83 (95% CI 0.79, 0.87) (P< 0.001).
Subgroup analysis
Subgroup analyses based on WHO grade, reference gene, miRNA origin (EVs-or non-EVs based-miRNA), miRNA profiling (single-or multiple-miRNA), specimen types, and ethnicity were carried out respectively. The pooled results for diagnostic implication in different subgroups are presented in Table 2 . A subgroup analysis based on WHO grade suggested that pooled AUC of cell-free miRNAs in LGG, HGG, and glioma across all grades was 0.81, 0.88, and 0.95, respectively. Cell-free miRNAs normalized to the reference gene gave rise to a pooled AUC of 0.90, while that normalized to serum volume or standard curve gave rise to a pooled AUC of 0.97. miRNAs 
Meta-regression and publication bias
Meta-regression analysis was conducted to further probe into potential sources of the heterogeneity and to validate the results of subgroup analyses. As depicted in Figure  3 (a), sample size, WHO grade, reference gene, miRNA origin, miRNA profiling, types of specimen, and ethnicity may be the major sources of heterogeneity for miRNAs assay in glioma. Deeks' funnel plot asymmetry test was performed to assess publication bias. As presented in Figure 3(b) , the P-value of 0.10 suggested no significant publication bias was observed in our meta-analysis.
Discussion
CT and MRI are currently the most commonly used tools for diagnosing and surveilling glioma. Even with their current limitations, circulating biomarkers have shown tremendous clinical and research potential in glioma. 29 It seems likely that these biomarkers may be complementary with each able to provide unique information about tumor burden, genetics, and biology. 29 Recently, increasing studies have focused on exploring the potential of bloodbased and CSF-based cell-free miRNAs as biomarkers of glioma. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In view of inconsistencies and differentials existing among these studies, we conducted this metaanalysis to investigate the feasibility of miRNAs as noninvasive diagnostic biomarkers in glioma.
Thus far, our report is among the few evidence-based meta-analyses to verify the diagnostic significance of cellfree miRNAs in the early identification of glioma with a pooled AUC value of 0.91 in distinguishing glioma patients from controls (pooled sensitivity = 83%; pooled specificity = 87%), implying the potential diagnostic implication of cell-free miRNAs as non-invasive biomarkers. Furthermore, the DOR was 34 (95% CI 20, 56), suggesting that cell-free miRNA test-positive patients have a 34-times higher chance of glioma than controls.
As there were six studies involving diagnostic significance of cell-free single miR-21 in glioma-four referring to single miR-125 and four concerning single miR-222-we performed independent meta-analyses of these three miRNAs. Cell-free single miR-21 performed best with a pooled AUC of 0.88, sensitivity of 0.84, specificity of 0.87, PLR of 6.6, NLR of 0.18, and DOR of 36, manifesting relatively high diagnostic efficacy. Moreover, miR-21 even exhibited a relatively higher value of sensitivity, PLR, NLR, and DOR compared to overall miRNAs and a subgroup of a single-miRNA assay. Similarly, single miR-125 and single miR-222 also displayed satisfactory diagnostic accuracy with AUCs of 0.86 and 0.85, respectively. These results suggest that a single cell-free miR-21, miR-125, and miR-222 have the potential to be forceful noninvasive biomarkers for diagnosing glioma. Next, we conducted subgroup analyses and metaregression analyses to probe into potential sources of the heterogeneity. Our results indicated that pooled sensitivity was affected by WHO grade, reference gene, miRNA origin, miRNA profiling, specimen types, and ethnicity, whereas pooled specificity was influenced only by WHO grade, reference gene, miRNA origin, and ethnicity. This suggests that the above factors may be the major sources of heterogeneity for miRNA assays in glioma. First, the WHO grade of glioma seemed to have an impact on both the pooled sensitivity and specificity of cell-free miRNAs assays, which maybe because LGG and HGG are characterized by different somatic mutations, gene expression profiles, and survival rates of the patients. 30 Second, the reference gene also contributed to heterogeneity for miRNA assays. There have been no acknowledged endogenous reference genes so far, which greatly limits the clinical application of accurate quantification of miRNAs in body fluids. Moreover, miRNAs originating from EVs manifested a pooled AUC of 0.84. EVs are small lipid membrane-bound satchels expelled by cells to mediate cell-to-cell communication and contain soluble materials, such as nucleic acids, lipids, and proteins, which are hence protected from degradation in body fluids. 31 Exosomes are small EVs (40-150 nm) with a multivesicular endosomal origin secreted by both normal and neoplastic cells. 32 Furthermore, the diagnostic property of multiple-miRNA assays was 0.95 for AUC, indicating the strength of exploiting panels of miRNAs to obtain the whole picture. As demonstrated in Table 1 , miR-15b and miR-21 from CSF, 6 7-miRNA panel from serum, 7 miR-15b and miR-21 from plasma, 10 9-miRNA panel from serum, 15 9-miRNA panel from CSF, 20 as well as miR-21, miR-222, and miR-124-3p from serum exosome 24 performed well in the diagnosis of glioma, which may be because these panels of miRNAs have common mRNA targets or participate in the common pathways such as Hedgehog, Notch, Wnt, EGFR, TGFβ and HIF1α, etc. 33 For example, ANKS1B, COX15, CREBRF, GABRB2, PDHA1, PLAG1, and UBR3 are common mRNA targets for the panel of miR-15b and miR-21 predicted by miRDB. 34 The molecular mechanism underlying the limitation of a single-miRNA biomarker may be that aberrant levels of single miRNA might be associated with several different types of cancers. 35 More importantly, the development of cancer can be perceived as the result of a complex multi-stage process of epigenetic and genomic abnormalities, and hence should be targeted by multiple miRNAs. 36 Therefore, it is sensible to employ panels of miRNAs for the purpose of evading the limitations in applying miRNAs as non-invasive biomarkers in cancer identification, especially when it is hard to conduct a regular biopsy subjected to localized pathological conditions. In addition, diagnostic accuracy of CSF-based assays was 0.96 for the pooled AUC. However, as there were only six included studies involving in CSF-based miRNAs, it is best to treat the result cautiously. Last but not least, ethnicity seemed to be another potential source of the heterogeneity, with a pooled AUC of 0.93 for Asian-based miRNA assays, and a pooled AUC of 0.88 for Caucasian-based ones. This might be attributed to different hereditary factors and living backgrounds between the two populations. The origin of ethnicityrelated discrepancy is still unclear and might be ascribed to unknown mechanisms. Therefore, large scale investigations should be carried out to further verify whether these ethnicity-related discrepancies truly exist.
In a meta-analysis from 2018, Zhou et al. 37 systematically assessed the potential diagnostic value of miRNAs for glioma based on 28 articles (23 in blood, 3 in CSF, and 2 in frozen brain tissue) including 2528 glioma patients and 2563 controls. The results showed that pooled sensitivity, specificity, and AUC of overall miRNAs were 0.85, 0.90, and 0.93, respectively. However, our study aimed to evaluate the diagnostic significance of cell-free miRNAs from serum, plasma, and CSF, which differed from Zhou et al's 37 meta-analysis. Moreover, they did not conduct subgroup analyses of WHO grade, reference gene, and miRNA origin (EVs-vs. non-EVs based-miRNA), which was less comprehensive than our study.
Although we did our best to perform an accurate analysis, the following limitations existed and should be noted. Above all, there were no data published regarding African populations. Moreover, it is vital to identify and exploit miRNA profiles capable of distinguishing cancer from other diseases with similar symptoms. Nonetheless, the majority of studies included in this meta-analysis merely sought to differentiate glioma patients from healthy controls, and did not involve diseases with similar symptoms. In addition, there was a low amount of miRNAs in body fluids, and almost no acknowledged endogenous reference genes, which limits the clinical application of accurate quantification of miRNAs in body fluids. It is difficult for cross-comparison among studies performed by different laboratories due to lack of convention for accurate quantification of miRNAs in body fluids; thus, a normalized procedure should be set up and preferably be followed across all studies to minimize procedure-based bias. Lastly, statistical heterogeneity existed in our analysis due to sample size, WHO grade, reference gene, miRNA origin, miRNA profiling, specimen types, and ethnicity, which may have had an impact on the results.
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